Study objectives: Reported risk factors for bronchiolitis obliterans (BO) in allogeneic hematopoietic stem-cell transplant recipients come from modest-sized studies and are limited to experiences of single institutions. We sought to identify risk factors for BO using data from the International Bone Marrow Transplant Registry. Methods: Registry data on 6,275 adult patients with leukemia who received human leukocyte antigen-identical sibling transplants from 1989 to 1997 and survived at least 100 days after transplantation were evaluated for the study. Risk factors for BO were analyzed using proportional hazards regression. Results: Seventy-six patients were found to have BO, with an incidence rate of 1.7% at 2 years after transplantation. The Kaplan-Meier estimate of median time to onset of BO was 431 days. Histologic evaluation was performed in 36 patients (47%). In 28 patients (37%), diagnosis was based on pulmonary function tests, CT scans of the chest, or a combination of both. On multivariate analysis, the factors that were associated with an increased risk for BO included the following: peripheral blood-derived stem cell, a busulfan-based conditioning regimen, interval from diagnosis to transplant > 14 months, female donor to male recipient sex match, prior interstitial pneumonitis, and an episode of moderate-to-severe acute graft-vs-host disease (GVHD). Conclusion: In addition to corroborating previously reported risk factors, such as acute GVHD and a busulfan-based conditioning regimen, we found that peripheral blood stem-cell transplantation, long duration to transplant, female donor to male recipient, and a prior episode of interstitial pneumonitis are associated with an increased risk for BO.
L
eukemia is the leading indication for allogeneic transplantation, accounting for 75% of 33,741 allogeneic transplants reported to the International Bone Marrow Transplant Registry (IBMTR) between 1964 and 1995. 1 Pulmonary complications are a major cause of morbidity and mortality in transplant recipients, occurring in 40 to 60% of patients. [2] [3] [4] [5] Though relatively uncommon, bronchiolitis obliterans (BO) is an important respiratory complication leading to late morbidity and decreased survival after hematopoietic stem-cell transplantation (HSCT). [6] [7] [8] [9] After the first case of "necrotizing obliterative bronchiolitis" in an allogeneic bone marrow transplant recipient was reported by Roca et al 10 in 1982, the syndrome of progressive obstructive lung disease occurring after HSCT was increasingly recognized, with an incidence ranging from 2 to 26%. 3, 4, [11] [12] While histologic diagnosis is available for only a minority of patients with posttransplant obstructive lung disease, BO is identified as the most common pathologic finding in patients undergoing biopsy or at autopsy. 13, 14 Despite diagnostic uncertainties, there is a growing tendency to attribute most cases of posttransplant chronic airflow obstruction to BO even in the absence of histologic confirmation.
Previous studies of posttransplant obstructive lung disease and BO are either case reports or case series. The larger retrospective cohort studies 12, 15, 16 include patients treated in single institutions. Moreover, most previous studies on risk factors for BO lack adequate consideration of multiple potential predictors and adjustment for confounding variables (Table 1) . Evaluating the occurrence of BO in HSCT recipients using a large observational database, like that maintained by the IBMTR, provides an opportunity to validate findings from previous smaller studies and offers increased statistical power. The objective of this study was to identify patient-, disease-, and transplant-related risk factors for BO in persons receiving allogeneic HSCT for leukemia. Some of the results presented in this article have been previously reported in the form of an abstract. 31 
Materials and Methods

IBMTR Database
The IBMTR is a voluntary working group of Ͼ 350 transplantation centers worldwide that contribute detailed data on Requests for data on progression or death for registered patients are at 6-month intervals. All IBMTR teams contribute registration data. Research data are collected on subsets of registered patients and includes comprehensive pretransplant and posttransplant clinical information. Computerized checks for errors, physician reviews of submitted data, and on-site audits of participating centers ensure the quality of data. 32 
Patient Selection
The study population included all patients Ն 18 years of age receiving human leukocyte antigen (HLA)-identical sibling HSCT for leukemia from January 1989 to December 1997, who were reported to the IBMTR and who survived at least 100 days after transplantation. Only patients receiving their first transplant were considered. Patients with pretransplant diagnoses of asthma, COPD, emphysema, chronic bronchitis, and bronchiectasis were excluded from the analysis.
Outcomes
The main outcome of interest is the reported development of BO. The diagnosis of BO was made using any of the following methods: transbronchial biopsy, open-lung biopsy, or autopsy. Pulmonary function studies, CT scan of the chest, or a combination of both were also considered valid diagnostic tests. The time interval from the date of transplantation to the date of diagnosis of BO was noted.
Predictor Variables
Variables evaluated for association with BO are summarized in Table 2 . Acute graft-vs-host disease (GVHD) was classified as none to mild (grades 0 to I) vs moderate to severe (grades II to IV). Data on the development of chronic GVHD were also retrieved. However, since the questionnaire used for collecting the data listed BO as a possible manifestation of chronic GVHD, an unbiased assessment of the association between these two variables could not be undertaken. This confounding by definition was not a problem with acute GVHD and allowed us to analyze the association of BO with acute GVHD. The third quartile was used as the cutoff point to dichotomize the time interval from diagnosis to transplant based on previous findings that a longer interval is a risk factor for poorer HSCT outcome. 7, 33 ‡Development of interstitial pneumonitis, acute GVHD, and chronic GVHD were entered as time-dependent variables using the time interval from transplant to the date of first occurrence of that explanatory variable. §Excluded in final model due to bias introduced by questionnaire.
Statistical Analysis
Cox proportional hazards regression with a stepwise approach was used for multivariate analyses. 34 The time interval from transplantation to the diagnosis of BO was defined as the event of interest. Cohort members who did not have BO but were still alive just before the end of the study period were censored. The estimate of risk of one category vs the reference category is reported as the hazard ratio (HR), with the reference group's hazard rate as the denominator. A variable had to be significant at the 0.05 level to remain in the final model.
Since status may change on follow-up for any given individual, interstitial pneumonitis and acute GVHD were entered as timedependent variables. Time to the first onset of these variables was measured from date of transplantation. Missing data were handled using the complete-subject analysis method. 35, 36 This led to deletion of 371 subjects (1 with a diagnosis of BO) in the final model due to missing covariate values.
Results
Cohort Characteristics
A total of 8,276 patients receiving HLA-identical sibling transplants for leukemia between 1989 and 1997 were identified based on the inclusion criteria. Excluding those who survived Ͻ 100 days after transplant, 6,341 patients remained. Another 66 patients were excluded because of preexisting obstructive lung disease prior to transplant. Eight patients with a diagnosis of BO were excluded: five patients who survived Ͻ 100 days, and three patients with preexisting obstructive lung disease. The characteristics of the remaining 6,275 transplants from 238 institutions are summarized in Table 3 . Chronic myelogenous leukemia (CML) was the most common indication for allogeneic HSCT, constituting 45% of the cohort. Four hundred ninety-eight patients (8%) underwent peripheral blood stem-cell transplantation (PBSCT) and the remainder underwent bone marrow transplantation (BMT). Pretransplant functional status was generally good, with 80% having Karnofsky scores Ն 90. However, other coexisting disease or organ impairment was noted in 23%. A comparable number of recipients (62%) and donors (58%) were found to be seropositive for cytomegalovirus (CMV) prior to transplantation. Thirtyfive percent of recipients had a positive smoking history, with a median of 10 pack-years of smoking.
Slightly more than half the cohort (56%) received irradiation prior to transplantation. Of the 3,477 patients who received irradiation, all but 22 received total body irradiation (TBI). Most of the other 2,977 patients who did not undergo TBI received a busulfan-based conditioning regimen prior to transplantation (95%). Cyclosporine (95%) and methotrexate (71%) alone or in combination were the most widely used prophylaxis for GVHD. More than half of the cohort (58%) acquired grade II, III or IV acute GVHD. Forty-four percent acquired chronic GVHD, 69% of whom had a prior episode of acute GVHD. Of the 2,767 patients with a diagnosis of chronic GVHD, only 2.6% had BO. The KaplanMeier estimate of median follow-up time for the cohort was 26 months. The longest follow-up time was 111 months.
Diagnosis of BO
Of the 6,275 cohort members, BO was diagnosed in 76 patients, yielding a probability of 1.7% at 2 years. The Kaplan-Meier estimate of median time interval from transplant to the diagnosis of BO was 431days. All but one case were diagnosed by 1,600 days (52 months). The earliest case was diagnosed at 65 days and the latest at 2,444 days after transplantation (Fig 1) . Five of the patients with a BO diagnosis did not have manifestations of chronic GVHD in other organs. As shown in Table 4 , a diagnostic procedure for the evaluation of BO was reported in 64 of the 76 cases (84%). Only 36 patients underwent an invasive procedure to attempt histologic confirmation. The remainder underwent pulmonary function studies, CT scans of the chest, or a combination of both to support the diagnosis of BO. The original reports and results of these diagnostic tests were not available for review.
Multivariate Analysis
The results of the stepwise regression analysis using a proportional hazards model are summarized in Table 5 . Only 8% of the cohort had PBSCT, but this conferred a threefold increase in risk for BO compared to BMT on multivariate analysis (HR, 3.35; 95% confidence interval [CI], 1.79 to 6.27; p ϭ 0.0002). Pretransplant factors associated with an increased risk for BO included the following: busulfan-based conditioning regimen (HR, 2.24; 95% CI, 1.39 to 3.60; p ϭ 0.0009); interval from diagnosis to transplant Ն 14 months (HR, 1.93; 95% CI, 1.22 to 3.07; p ϭ 0.0053); and female donor to male recipient sex match (HR, 1.78; 95% CI, 1.12 to 2.85; p ϭ 0.0152). Posttransplant factors associated with an increased risk for BO after multivariate analysis included: moderate-to-severe acute GVHD (HR, 2.12; 95% CI, 1.34 to 3.37; p ϭ 0.0014), and a previous episode of interstitial pneumonitis (HR, 2.28; 95% CI, 1.33 to 3.92; p ϭ 0.0029). The median interval from diagnosis of interstitial pneumonitis to diagnosis of BO was 114 days (interquartile, 38 to 320 days).
Discussion
In this study of 6,275 adult recipients of HLAidentical sibling matched HSCT for leukemia we found several factors associated with an increased risk for the development of BO. Aside from validating previously described risk factors such as GVHD and type of conditioning regimen, our analysis indicates that, PBSCT, a long interval from diagnosis to transplant, female donor to male recipient, and a prior episode of interstitial pneumonitis are risk factors. The large number of patients reported to this database provided greater power to detect risk factors, while the uniform reporting requirements for several variables allowed us to consider the effects of various pretransplant and posttransplant factors in the analysis. Analysis of data from several institutions is another unique feature of this study.
To our knowledge, a higher risk for developing BO with PBSCT, as compared to BMT, has not been reported previously. Selection of stem-cell source may be influenced by patient-donor characteristics. We used multivariate analyses to adjust for the potential confounding effects of the variables listed in Table 2 . Some studies [37] [38] [39] [40] have reported a higher incidence of chronic GVHD or more severe chronic GVHD with PBSCT compared to BMT, but the incidence of BO was not different. However, these studies were not designed nor powered to detect this difference.
In consonance with previous studies, 10, [12] [13] [14] 16, 17, 19, 21, 24, 28, 41, 42 we found that GVHD is a risk factor for BO. Acute GVHD is described as a risk factor not only for BO but also for subsequent chronic GVHD. Though we are able to satisfactorily estimate the association of acute GVHD with BO, we are unable to obtain an unbiased estimate of the effect of chronic GVHD because the registry questionnaire incorporates BO as a manifestation of chronic GVHD. This introduces a differential misclassification leading to a greater estimate of association between chronic GVHD and BO than might be otherwise observed. Nevertheless, 5 of the 76 patients (7%) with BO did not have manifestations of chronic GVHD in other organs. A study by Dudek et al 9 found a higher proportion of patients (13%) who acquired BO without chronic GVHD.
It is unclear how many patients were classified as having chronic GVHD based solely on the diagnosis of BO. It is noteworthy that six patients received a diagnosis of BO prior to a diagnosis of chronic GVHD. Although BO preceding development of chronic GVHD has been reported, most other authors have observed the contrary. 13, 16, 23, 43, 44 It is possible that there are more patients who have chronic GVHD who also have undiagnosed BO. This could happen with subclinical airflow obstruction or mild disease. A more standardized criteria and strategy for screening may identify these patients better in future studies. Both BO and chronic GVHD can present insidiously, and the fact that they ultimately occur within a specified period of time may be more relevant clinically than their exact temporal relationship. It remains to be determined whether BO in HSCT recipients with chronic GVHD results from autoimmune injury to the bronchial tree or other complications that accompany chronic GVHD.
Though both busulfan and irradiation have been described to cause pulmonary toxicity, we found that a busulfan-based conditioning regimen increased the risk for BO at least twofold when compared to a TBI-based regimen. The possible detrimental effect of a busulfan-based regimen on development of late pulmonary impairment following allogeneic HSCT was previously described by Beinert et al. 6 CML patients were more likely to receive a busulfan-based regimen, which may explain previously reported higher risk for BO in this subgroup. 22 The adverse influence of a long interval from diagnosis to transplantation on overall posttransplant survival, as well as on interstitial pneumonitis, has been described in other investigations. 7, 33 An association with BO has not been previously reported. Some authors suggest that this reflects the cumulative toxic sequelae of chemotherapy administered prior to transplantation. 33, 41 Interstitial pneumonitis usually occurs much earlier than BO, with a median onset at 50 to 80 days. 33, 45 Up to 40% of transplantation-related deaths in the early posttransplant period (Ͻ 100 days) are attributed to interstitial pneumonitis. 2, 4, 33 It is likely that those who survive an episode of interstitial pneumonitis have residual scarring of both the interstitium and peribronchiolar structures. In a study of six patients with biopsy-proven BO reported by Holland et al, 23 three patients had concomitant histologic evidence for interstitial pneumonitis. It is also possible that survivors of interstitial pneumonitis may have decreased respiratory function reserve, which can lead to more respiratory complaints and subsequent surveillance bias. The association between BO and donor-recipient sex match has been reported previously by Chien et al, 12 although the association did not persist in multivariate analysis. Several authors have determined the importance of sex-match status in other transplant outcomes such as GVHD and survival. 46 -49 It has been suggested that alloreactivity to Y-chromosome antigens and other minor sex-related antigens may play a role in the pathogenesis GVHD. In addition, previously parous women may have experienced maternal alloimmunization to unshared fetal antigens. 50 -52 Thus, it is possible that sex-match status may influence the development of BO, at least in part, via mechanisms related to GVHD. Identifying sex-match status as an independent risk factor for BO may be considered as supportive evidence that an immune-mediated injury to the bronchiolar structures is involved in the pathogenesis of BO.
We limited our investigation to adult allogeneic transplant recipients since previous studies 15, 53, 54 have suggested that this population may be at greater risk for BO. However, the estimated risk for BO in this study, 1.7% at 2 years, is lower than noted in most previous investigations. This discrepancy may be due to differing diagnostic criteria and definition of the population at risk. 55 Variability in the diagnostic surveillance practices of the institutions contributing data to the IBMTR may also play a role in this discrepancy.
The Kaplan-Meier estimate of median interval from transplant to diagnosis of BO (431 days) falls within the range of previous observations, as reflected in Table 1 . It should be noted that there was one patient in our study in whom BO was diagnosed after 52 months. Using the proportional hazards model, this outlier may potentially bias the estimated risk effect toward the direction of the subject's covariate values. However, for diseases with small or more typical risk rates, as in BO, this effect is negligible.
The advantage of a strategy aimed toward early detection and treatment of BO after HSCT remains controversial. 13, 16, 28, 42 In a study of 29 patients with chronic respiratory impairment after allogeneic transplantation, Schwarer et al 56 noted partial or complete improvement in 83% after a course of immunosuppressive agents. However, only 62% of the patients in that series had a predominantly obstructive ventilatory impairment; which raises the question of heterogeneity of disease. In another study, Sanchez et al 30 followed the course of 20 patients with obstructive airway disease who were treated with immunosuppression; 60% had complete or partial improvement in symptoms or pulmonary function tests. The experiences of other investigators have been less encouraging. 15, 18, 20, 23 Our findings support the argument that BO after HSCT is a multifactorial disease. A survey of the risk factors identified in this study suggests that a variety of mechanisms-immune-mediated, and treatmentrelated toxicity-alone or in combination, may be responsible for the pathogenesis of BO. It is likely that the responsiveness to treatment of BO depends not only on the histologic stage (early lymphocytic bronchiolitis vs complete cicatricial obliteration of the bronchiolar lumen), but also on the pathophysiology involved. The findings in this study can be used to prospectively stratify patients into risk categories to facilitate investigating the merits of an aggressive diagnostic and treatment strategy in particular risk groups.
In accordance with previous descriptions of BO as a new-onset obstructive lung disease in HSCT recipients, patients with obstructive lung disease prior to transplant were excluded from the analysis. This was also done to avoid surveillance and misclassification bias. The latter is especially a concern since we relied on the reported diagnosis of BO, with the criteria defined by individual centers. In the absence of prespecified criteria to distinguish BO from progression or exacerbation of prior obstructive lung disease, it would not be possible to remove the apparent effects of such a bias.
The analysis of this registry data, while providing a large number of patients from different institutions, also presents limitations. One concern is the underestimation of the incidence of BO since the registry questionnaire was not specifically designed to address this. This study used the reported diagnosis of BO as the main outcome of interest. Fewer than half of the patients diagnosed with BO had a diagnostic procedure to obtain histologic confirmation. This is comparable with the experience of other investigators ( Table 1) . As illustrated by these previous investigations, histologic verification of diagnosis is not always practical. In part, the difficulty of histologic diagnosis relates to its invasiveness in the context of patients that may be severely ill. Moreover, even if histologic specimens are obtained, BO may not be found due to the patchy distribution of the disease and tissue sampling limitations. 57 Thus, even in lung transplant recipients, in whom BO eventually develops in 50%, clinical and physiologic criteria are used in management and research. 58 -61 Unlike studies on BO in lung transplant recipients, there is less uniformity in clinical criteria used for the diagnosis of BO in HSCT at present. A liberal spirometric criteria identifying airflow obstruction as an annualized FEV 1 decline of Ն 5% and FEV 1 /FVC ratio Ͻ 0.8 as proposed by Chien et al 12 may overestimate the incidence of patients who have histologic BO. However, using these spirometric criteria to define probable BO may have the benefit of identifying progressive disease at an earlier stage, and will allow conduct of prospective studies to determine if early intervention can limit deterioration of obstruction and alter other outcomes. Chien et al 62 have recommended closer monitoring of spirometry during the first year based on their findings that suggest patients who have the highest rate of decline in lung function during the first year have the highest mortality. Considering the importance of BO in influencing the course of HSCT outcomes, a consensus on a diagnostic strategy, and clinical criteria that includes spirometric and radiologic findings needs to be established.
We conclude that several pretransplant and posttransplant factors were associated with an increased risk for BO. Our results corroborate previously reported risk factors, such as acute GVHD and a busulfan-based conditioning regimen. In addition, we found that PBSCT, long duration to transplant, female donor to male recipient, and a prior episode of interstitial pneumonitis are associated with an increased risk for BO.
